Crystalline silicon being ubiquitous throughout the microelectronics industry has an indirect bandgap, and therefore is incapable of light emission. However, strong room temperature visible and near-IR luminescence from non-crystalline silicon, e.g., amorphous silicon, porous silicon, and black silicon, has been observed. These silicon based materials are morphologically similar to each other, and have similar luminescence properties. We have studied the temperature dependence of the photoluminescence from these non-crystalline silicons to fully characterize and optimize these materials in the pursuit of obtaining novel optoelectronic devices.
INTRODUCTION
Interest in silicon (Si) as a material for optoelectronics has increased recently. With modern process techniques, it will be possible to integrate lasers, photodetectors, and waveguides into optoelectronic silicon motherboards to route and modulate optical signals within such silicon motherboards. Integrated silicon optoelectronics is a rapidly developing field 1 . Discrete and integrated devices such as photodetectors, modulators, light emitters, resonant cavity enhanced (RCE) photodetectors, waveguides, photonic bandgap filters, optical amplifiers, optical interconnects, and optoelectronic integrated circuits are already being realized. However, most of these devices, with the exception of light emitters, are fabricated using crystalline silicon. Light emission requires the use of amorphous silicon, since crystalline silicon can not emit light due to its indirect bandgap. With modern process techniques, it will be possible to integrate lasers, photodetectors, and waveguides into Si motherboards 2, 3 for wavelength division multiplexing (WDM) applications 4 .
EXPERIMENTAL PHOTOLUMINESCENCE SETUP
The room temperature PL setup consists of a pump laser, a spectrometer, a lock-in amplifier, and a digital oscilloscope. The collected PL signal is imaged to the entrance slit of the spectrometer, whose output is fed to a sensitive photomultiplier tube (PMT). A lock-in-amplifier is providing the necessary electronic gain to the PMT output gain in phase with the laser pulse. The digital oscilloscope is used for monitoring and optimizing the PMT signal. All of the measurement and test devices are computer controlled and the data is acquired digitally. For the room temperature measurements at 300 K the samples are attached to a holder. For low temperature measurements the samples are placed in a closed cycle cryostat system. The closed cycle cryostat system is used to control the sample temperature from 10 K to 300 K.
AMORPHOUS SILICON
In the optoelectronics and microelectronics industry silicon is the most widely used semiconductor, not only in its crystalline, but also in its amorphous form. Being a direct band-gap material, 5 unlike crystalline silicon, 6 amorphous silicon is unmatched as a photoreceptor for laser printing, for switching elements in large area liquid crystal displays, for large photovoltaic panels, and any other application that calls for a high quality semiconductor that can be processed on large areas or on curved or flexible substrates. It is generally agreed that the terms amorphous solid, non-crystalline solid, disordered solid, glass, or liquid have no precise structural meaning beyond the description that, the structure is not crystalline on any significant scale. The principal structural order present is imposed by the approximately constant separation of nearest-neighbor atoms or molecules. Until the early 1970's, amorphous silicon prepared by evaporation or sputtering was not considered as one of the valuable semiconductor materials, because of high density of electronic states in the band gap related to a large density of structural defects. 7 The discovery of an amorphous silicon material prepared by the glow discharge deposition of silane, which can be doped and whose conductivity can be changed by ten orders of magnitude marked a turning point and opened a new research area. Most interest focused on hydrogenated amorphous silicon and its alloys, since hydrogen by removing dangling bonds eliminates non-radiative recombination centers, that are responsible for reduced luminescence efficiency (and reduced photovoltaic efficiency) and allows doping. 8 Hydrogenated amorphous silicon (a-Si:H) is already an established material in semiconductor technology 9 . The major application of a-Si:H is photovoltaics, color detectors, and active matrix displays. The primary attribute of the technology is its large area capability, which is unavailable with other technologies. Another advantage of the hydrogenated amorphous silicon is that, it can be deposited by plasma enhanced chemical vapor deposition (PECVD) onto almost any substrate at temperatures below 500 K, which makes it compatible with the microelectronic technology. This property justifies the interest in a-Si:H as a potential optoelectronic material. Planar waveguides are already being realized from a-Si:H 10 . The advantage of a-Si:H, as well as porous silicon (π -Si), is that, they attract interest as a potential optical gain medium, because of their room temperature visible electroluminescence (EL) and photoluminescence (PL). Recently, we have observed visible PL from a-Si:H, as well as its oxides (a-SiO x :H) and nitrides (a-SiN x :H) grown by low temperature PECVD. 11 While the exact mechanism of the occurrence of the PL in bulk a-SiN x :H is still under discussion, the quantum confinement model is a widely accepted . 12 In the quantum confinement model the material consist of small a-Si clusters in a matrix of a-SiN x :H. The regions with Si-H and Si-N, having larger energy gaps due to strong Si-H and Si-N bonds, isolate these a-Si clusters, and form barrier regions around them. The PL originates from the a-Si clusters. A-SiN x :H can be grown both with and without ammonia (NH 3 ). The samples grown without NH 3 are referred to as the Si rich samples. The luminescence of these samples is in the rednear-infrared part of the optical spectrum. The samples grown with NH 3 and annealed at 800 o C are referred to as the nitrogen rich samples. The luminescence of these samples is in the blue-green part of the optical spectrum 13 .
3.1.
Temperature dependence of the amorphous silicon photoluminescence Figure 3 .1 shows the PL spectra of the a-SiN x :H measured in the 550 -900 nm wavelength and in the 12 -298 K temperature range at a constant excitation laser intensity of 0.1 W cm -2 . A broad PL band centered at 710 nm (E p = 1.746 eV) at 12 K is observed. The PL spectra have approximately a Gaussian lineshape modulated slightly by FabryPerot resonances. These resonances are due to the Fresnel reflections from the a-SiN x :H film surfaces. The PL intensity decreases with increasing temperature. This feature is typical of the PL, which is due to donor-acceptor pair transitions observed in semiconductors. The variation of the PL peak with respect to temperature is plotted in the figure 3.2. In the 12 -170 K range, the PL intensity decreases slowly. Above 170 K, however, the PL intensity decreases at a larger rate due to a thermal quenching process. The activation energy ∆E for this thermal quenching process can be derived in the 170 -298 K temperature range using a nonlinear least squares fit to the following equation, I = I o exp (∆E/k B T), where I is the PL intensity, I o a proportionality constant, and k B the Boltzmann's constant. The semilog plot of the emission band intensity as a function of the reciprocal temperature gives a straight line in the 170 -298 K region. An activation energy of E a = 0.027 eV for the emission band is derived from the slope of the straight line fit. This activation energy is associated with a shallow level located at 0.027 eV from the band. This shallow level in undoped a-SiN x :H may be associated with the presence of defects and unintentional impurities. 
Surface morphology of the amorphous silicon
Atomic force microscopy (AFM) has been performed the on the a-SiN x :H samples to characterize the morphology of the surface and to analyze origin of the luminescence. The surface of the a-SiN x :H is optically flat and thus amenable for the growth of multiple layers. This is necessary condition for the realization of the one-dimensional PBG microcavity. The surface morphology of the a-SiNx:H is quite uniform. The bulk of the material is composed of globules of a-SiNx:H and is similar to π -Si. Figure 3 .3 shows the medium resolution AFM picture of the silicon rich aSiNx:H surface. Additionally, although the surface is flat optically, it is quite rough in the 100 nm range, which corresponds to the average globule size. 
POROUS SILICON
Similar to hydrogenated amorphous silicon (a-Si:H), porous silicon (π -Si) also exhibits room temperature visible PL 14 . Semiconductor microcavity effects have been applied to π -Si, after the observation of room temperature visible PL ) 15 made π -Si a potential optical gain medium. 16 Steady state 17, 18, 19 and temporally resolved, 20 single and multiple 21 microcavity controlled PL in π -Si has been observed experimentally 22, 23, 24 and calculated theoretically 25 . The possibility of using π -Si microcavities as chemical sensors has been investigated 26 . In addition, microcavity controlled PL has been observed in π -Si inorganic-organic structures, 27 as well as Si/SiO x superlattices. 28, 29, 30 SiO 2 /TiO 2 microcavities, 31 SiO x /WO y , and SiO x /MO y multilayers 32 have been fabricated. Microcavity controlled electroluminescence (EL) of π -Si has been reported. 33, 34 Interference filters 35 and optical waveguides 36 have also formed from π -Si. Two-dimensional (2-D) photonic crystals have been fabricated in π -Si 37 and silicon nitride (Si 3 N 4 ) 38 waveguides. A broad PL band centered at 750 nm (E p = 1.698 eV) at 10 K is observed. The PL spectra have approximately a Gaussian lineshape. The PL intensity decreases with increasing temperature. This feature is typical of the PL, which is due to donor-acceptor pair transitions observed in semiconductors. The variation of the PL peak with respect to temperature is plotted in the figure 4.2. In the 10 -150 K range, the PL intensity decreases slowly. Above 200 K, however, the PL intensity decreases at a larger rate due to a thermal quenching process. The activation energy ∆E for this thermal quenching process can be derived in the 200 -300 K temperature range using a nonlinear least squares fit to the following equation, I = I o exp (∆E/k B T), where I is the PL intensity, I o a proportionality constant, and k B the Boltzmann's constant. The semilog plot of the emission band intensity as a function of the reciprocal temperature gives a straight line in the 200 -300 K region. An activation energy of E a = 0.009 eV for the emission band is derived from the slope of the straight line fit. This activation energy is associated with a shallow level located at 0.009 eV from the band. This shallow level in porous silicon may be associated with the presence of defects and unintentional impurities. 
Temperature dependence of the porous silicon photoluminescence

4.2.
Surface morphology of the porous silicon
Atomic force microscopy (AFM) has been performed the on the porous silicon samples to characterize the morphology of the surface and to analyze origin of the luminescence. The surface of the porous silicon is rather rough. The bulk of the material is composed of globules of as we have seen in porous silicon. Figure 4 .3 shows the medium resolution AFM picture of the porous silicon surface.
BLACK SILICON
Ordinarily, silicon absorbs a moderate amount of visible light, but a substantial amount of visible light is reflected as well, and infrared and ultraviolet light are transmitted through silicon or reflected from it with very little absorption. Spiked silicon surfaces, in contrast, absorb nearly all light at wavelengths ranging from the ultraviolet to the infrared. This suggests it may be very useful in improving the performance of existing silicon devices, such as photodetectors and photovoltaics. Mazur group recently discovered that irradiation of silicon surfaces with femtosecond laser pulses in the presence of a halogen containing gas transforms the flat, mirror-like surface of a silicon wafer into a forest of microscopic spikes. 39, 40 The spiked surface is strongly light-absorbing: the surface of silicon, normally gray and shiny, turns deep black; hence the name black silicon.
5.1.
Temperature dependence of the PL from the black silicon Figure 5.1 shows the PL spectra of the black silicon measured in the 550 -850 nm wavelength and in the 10 -300 K temperature range at a constant excitation laser intensity of 0.1 W cm -2 . A broad PL band centered at 630 nm (E p = 1.968 eV) at 10 K is observed. The PL spectra have approximately Gaussian lineshape. The PL intensity decreases with increasing temperature. The variation of the PL peak with respect to temperature is plotted in the figure 2. In the 10 -120 K range, the PL intensity decreases slowly. Above 120 K, however, the PL intensity decreases at a larger rate due to a thermal quenching process. The activation energy ∆E for this thermal quenching process can be derived in the 120 -300 K temperature range using a nonlinear least squares fit to the following equation, I = I o exp (∆E/k B T), where I is the PL intensity, I o a proportionality constant, and k B the Boltzmann's constant. The semilog plot of the emission band intensity as a function of the reciprocal temperature gives a straight line in the 120 -300 K region. An activation energy of E a = 0.006 eV for the emission band is derived from the slope of the straight line fit. This activation energy is associated with a shallow level located at 0.006 eV from the band. This shallow level in black silicon may be associated with the presence of defects and unintentional impurities. 
5.2.
Surface morphology of the black silicon
Atomic force microscopy (AFM) has been performed the on the black silicon samples to characterize the morphology of the surface and to analyze origin of the luminescence. The surface of the black silicon is optically black and consists of conical layers. The bulk of the material is composed of globules of black silicon and is similar to π -Si. Figure 5 .3 shows the medium resolution AFM picture of the black silicon surface.
CONCLUSIONS
Bulk luminescence properties of hydrogenated amorphous silicon nitride (a-SiN x :H), porous silicon, and black silicon were studied at room temperature and at low temperatures. The PL emission intensity increases at low temperatures due to the lack of thermally excited phonons. The emission spectrum stays broad even at low temperatures. The broad luminescence spectrum even at low temperatures is a results of the heterogenous size distribution of the amorphous silicon quantum dots. This heterogenous size distribution is further confirmed by atomic force microscopy (AFM) measurements of the sample surface. The broad PL spectrum of the a-SiN x :H, porous, and black silicon makes them suitable sources for wavelength division multiplexing (WDM) applications.
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